Objectives: To assess in patients with aortopathy perioperative changes in thoracic aortic wall shear stress (WSS), which is known to affect arterial remodeling, and the effects of specific surgical interventions.
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Patients with thoracic aortic disease are often asymptomatic before acute critical events such as dissection or rupture occur. Early detection and management are necessary to minimize risk. When necessary, prophylactic surgical repair or replacement of the aorta and/or aortic valve is recommended. Risk for these events is assessed from diameter measurements provided by computed tomography, magnetic resonance imaging (MRI) or echocardiography. 1 However, efforts to use advanced noninvasive imaging to risk-stratify these patients have been proposed. 2 For example, the measurement of three-dimensional (3D) cine (time-resolved) blood flow with three-directional velocity encoding (known as 4D flow MRI) has enabled the use of noninvasive MRI to investigate complex hemodynamics and 3D blood flow patterns.
Previous quantitative in vivo evaluations of postoperative aortic hemodynamics in the literature have mostly focused on transvalvular gradients, [3] [4] [5] [6] [7] [8] valvular regurgitation, 3, 4, [9] [10] [11] or peak velocity. 9, 12, 13 In addition, wall shear stress (WSS), defined as the tangential viscous force exerted by blood flow on the arterial wall, is an important potential biomarker, because it plays a major role in the regulation of cellular function and remodeling via endothelial mechanotransduction.
14 For example, aortic WSS has been studied using 4D flow MRI after valve-sparing aortic root replacement (VS-ARR) in patients with Marfan syndrome 15 or bicuspid aortic valve (BAV). 16 It has also been used to compare different types of valve prosthesis after aortic valve replacement (AVR) 17 or in the evaluation of the impact of surgical and transcatheter AVR procedures. 18 A 4D flow MRI study in patients with BAV has shown that aortic regions with abnormally increased WSS had significant alterations of elastin fibers and extracellular matrix proteins implicated in aortic wall degeneration. 19 Studies have also investigated perioperative findings of aortic hemodynamics, but they primarily focused on valvular regurgitation, 10, 20 pressure gradient, 7, 10 or peak velocity, 20 mainly in the setting of AVR. Two studies have reported on WSS changes between preintervention and after surgical 21 or transcatheter 22 AVR, with a focus on investigating carotid and brachial WSS, respectively. However, no comprehensive study has investigated preoperative and postoperative aortic hemodynamic WSS data beyond that of AVR alone. Thus, the purpose of this study is to compare presurgical and postsurgical aortic WSS patterns in patients with aortopathy who underwent replacement of the aortic valve and/or the aorta, using 4D flow MRI. Follow-up 4D flow MRI data of patients with aortopathy who did not have surgery were also investigated as controls. Our hypothesis is that surgery affects WSS, with different changes according to the performed intervention.
METHODS

Study Population
All patients were identified, via institutional review board-approved retrospective chart review with a waiver of consent, from a 4D flow MRI database with 1673 patients (ie phase-contrast MRI with velocity encoding in all 3 spatial directions that is resolved relative to all 3 dimensions of space [3D] and to the dimension of time [cine] along the cardiac cycle). We selected all patients with aortic and/or valve disease (n ¼ 1128). Among them, we included the 244 who had undergone aortic valve and/or aorta replacement as well as postoperative clinically ordered standard-ofcare cardiothoracic MRI, including 4D flow. We further identified patients who also had undergone a 4D flow examination before surgery (n ¼ 55). We excluded those with a history of aortic dissection or previous aortic interventions (n ¼ 21), as well as a single patient who underwent a modified Ross pulmonary autograft procedure, resulting in 33 patients and 66 MRI data sets. A consort flow diagram is provided in the Figure E1 . In addition, 20 control patients with aortopathy matched for age, gender, height, and weight, who underwent baseline and follow-up routine surveillance MRI (n ¼ 40 data sets) but no surgery in between, were included.
Surgical Procedures
All operations were performed between 2012 and 2016. VS-ARR was performed using a modified reimplantation technique, with a 34-mm Dacron graft. Coronary reconstruction was achieved with reimplantation of left and right coronary arteries as buttons, with a concomitant valve repair for all cases. A second smaller 24-mm to 28-mm graft was used to replace the tubular segment of the ascending aorta (AA). A large straight graft was used for the sinus portion.
ARR with concomitant AVR was performed using a modified Bentall procedure. The valve was sewn into a 7-mm larger Gelweave Dacron graft (VASCUTEK, Inchinnan, United Kingdom). The annular sutures were passed through the valve conduit. The left main and right coronary ostia were anastomosed as buttons to the side of the conduit.
Further hemiarch repair (HA), involving resection of the aorta up to its distal end from the base of the innominate artery to the lesser curve, 23 was performed when the diameter of the proximal aortic arch was >4 cm.
In ARR combined with AVR as well as AVR alone procedures, different valve prostheses were used: bioprosthesis (23- and mid-AA diameters). Furthermore, 2D cine through-plane phase-contrast MRI was performed at the aortic valve, for aortic valve disease evaluation (BAV morphology Sievers classification and severity of stenosis and regurgitation). Aortic 4D flow MRI was performed to subsequently derive peak velocity and WSS. Details regarding MRI acquisition parameters and data analysis are provided in the Appendix E1.
MRI Acquisitions
Quantification of Baseline and Follow-up Aortic WSS Patterns From 4D Flow MRI Data
The analysis of each baseline and follow-up 4D flow MRI data set, including preprocessing, calculation of a 3D angiogram, and aortic segmentation, is shown in Figure 1 , A, and detailed in the Appendix E1.
Maximum intensity projections of the systolic absolute velocities inside the 3D segmentation were calculated and used to obtain the peak velocity in the vena contracta (Figure 1, B) , using a previously described approach. 24 WSS, defined as the product between blood dynamic viscosity and the velocity spatial gradient at the wall, was calculated throughout the entire 3D aortic surface using an in-house MATLAB algorithm. 25 In particular, systolic WSS was averaged over 5 cardiac phases centered on the peak systolic phase, as defined by the time phase with the highest velocity averaged within the segmented aortic volume. Furthermore, aortic heatmaps were created, using a healthy control atlas previously established in 56 controls representing the 95% confidence interval of the normal WSS range. 26 For each patient and each baseline and follow-up 4D flow data set, WSS 3D distribution was registered to this atlas, to identify regions with an abnormally increased WSS (ie above the 95% confidence interval). Regional WSS patterns were then characterized in the AA, the aortic arch, and the proximal descending aorta (DA). The AA was defined by the region between the aortic valve and the first supra-aortic vessel, the aortic arch included the region between the first and last supra-aortic vessels, and the proximal DA comprised the region from the last supra-aortic vessel takeoff to the corresponding level of the aortic valve. For each AA, arch, and DA region (Figure 1 , C): (1) peak WSS magnitude (averaged over the 2% highest values) and (2) at-risk tissue area exposed to abnormally high WSS, calculated from the heatmap red regions and further expressed in percentage of the total area, were extracted. In patients undergoing surgery, the area to be resected and the graft, before and after surgery, respectively, were excluded from WSS analyses as visually evaluated using CE-MRA or computed tomography angiography images when available. Thus, WSS indices were studied in the aortic arch and DA for all patients, and, in patients who underwent ARR, only in the AA region that was not replaced. In addition, total at-risk tissue absolute area in the whole aorta of no-surgery patients was also reported.
Interobserver Reproducibility
To assess their sensitivity to segmentation and their reproducibility, peak WSS magnitude and percentage at-risk tissue area were calculated from both baseline and follow-up data sets using aortic volume segmented by 2 blinded and independent operators in 10 randomized controls (including 5 patients with a tricuspid aortic valve and 5 patients with a BAV) and 10 randomized surgery patients (including 2 patients who underwent AVR alone, 5 patients who underwent ARR with no HA and 3 patients who underwent ARR and HA).
Statistical Analysis
Normal distributions were tested using a Lilliefors test. Data are reported as mean AE standard deviation when their distribution was normal or otherwise as median (interquartile range). Follow-up duration and longitudinal changes in WSS indices were further studied in surgery subgroups according to the aortic valve type and performed intervention. Comparisons between patient groups were performed using a Wilcoxon rank-sum test, and differences between baseline and follow-up were tested using a Wilcoxon signed-rank test. We further investigated longitudinal WSS pattern changes as defined as follow-up minus baseline peak WSS FIGURE 1. Analysis of aortic 4D flow MRI (three-dimensional time-resolved phase-contract magnetic resonance imaging with three-directional velocity encoding) data. A, Preprocessing, calculation of the three-dimensional phase-contrast angiogram (3D PC-MRA) and segmentation of the aortic volume. B, Estimation of systolic peak velocity (location indicated by the white marker, V max ) in the vena contracta, from velocity maximal intensity projections (MIP). C, Evaluation of wall shear stress (WSS) patterns along the ascending aorta (AA), arch, and descending aorta (DA) wall (purple regions of interest): (1) systolic peak magnitude (WSSmax) provided by the WSS MIP; (2) at-risk tissue percentage area, defined as regions with a WSS above normal values (mean þ 1.96 3 standard deviation of WSS atlas values averaged over a group of 56 healthy volunteers) provided by the heatmap (red). The dotted line on the heatmap indicates the area to be resected. and percentage at-risk tissue area differences. Differences in WSS change between patient groups were studied using linear mixed-effects models, taking into account baseline WSS measurement, patient category (surgery vs no surgery or intervention type), and follow-up duration. Interobserver variability was studied using Bland-Altman analyses and mean biases and limits of agreement (as defined as mean AE 1.96* standard deviation) were provided. A value P <.05 was considered as statistically significant. Statistical analyses were performed using MATLAB (MathWorks, Natick, Mass).
RESULTS
Patient Baseline Characteristics and Surgery Details
Patient baseline characteristics are summarized for the surgery and no-surgery groups in Table 1 . SOV diameter was similar between the 2 patient groups, but, as expected, the mid-AA was significantly more dilated in patients undergoing surgery. LVSV and LVEF were similar between the 2 groups. The median MRI follow-up duration was significantly longer for no-surgery (range, 1-4 years) than surgery patients (1 week to 3.3 years). Duration between baseline MRI and surgery ranged from 1 day to 3.3 years, whereas surgery to follow-up MRI duration ranged from 2 days to 2.6 years. At follow-up, changes in LVSV and LVEF were insignificant compared with baseline in both patient groups (91 AE 29 mL/92 AE 21 mL and 59 AE 12%/ 58 AE 8.7% in no-surgery/surgery patients, respectively; differences were insignificant between the 2 groups).
Subgrouping of surgery patients was further performed according to the intervention type and valve prosthesis, as shown in Table 2 : 5 patients had AVR with no resection of the aorta. Among the remaining 28 patients who had ARR, 22 had concomitant AVR and 12 had further HA (ARR-HA þ ). Median valve size was 27 mm (interquartile range, 25-27 mm), maximum conduit size was 34 mm (34-34 mm), hemiarch graft size was 26 mm (25-26 mm), mean perfusion time was 143 AE 53 min, cross-clamp time was 122 AE 44 min, and median postoperative length of stay was 5 days (interquartile range, 4-6 days). Follow-up surveillance time is further provided for each subgroup, showing significantly longer durations for the AVR-alone group versus all other surgery ARR patients with or without HA (P<.01).
Longitudinal Evolution of WSS Patterns
Video 1 provides an example of blood flow patterns in the proximal aorta provided by 4D flow MRI at pre-and postsurgery in a patient who underwent AVR with a Figures 2, B, and 3 , B, respectively. In the no-surgery control group, the median total absolute area of aortic at-risk tissue was 1.4 cm 2 (interquartile range, 0.4-5.4 cm 2 ) and 1.7 cm 2 (0.1-13 cm 2 ) at baseline and follow-up, respectively (P ¼ .57). In surgery patients, median preintervention at-risk tissue area was 3.2 cm 2 (interquartile range, 0.0-36 cm 2 ) (nonsignificant vs controls). After surgery, it was 7.8 cm 2 (1.9-21 cm 2 ) (nonsignificant vs preintervention area and vs controls at follow-up). No significant regional differences between baseline and follow-up were observed for both aortic WSS indices in both patient groups (Table 3 ) or in surgery subgroups according to the intervention type. Although both AA peak WSS and at-risk tissue area were similar between nosurgery and surgery patients at baseline, they were significantly higher in the latter group after intervention. We also observed increased WSS indices in surgery patients in the aortic arch at both baseline and follow-up, compared with controls. DA peak WSS was significantly higher than controls in surgery patients at baseline and was then normalized after intervention.
Quantitative differences between follow-up and baseline confirmed unchanged WSS indices in no-surgery patients (Figures 2, B, and 3, B) . It further showed a significant decrease in AA and arch peak WSS in patients who underwent AVR alone compared with changes in controls (P .008), as well as a significant increase in patients undergoing ARR compared with changes with AVR alone (P .0008). Follow-up duration had no significant effects on these WSS changes, except when comparing the ARR-HA -and AVR groups in the AA (P ¼ .006). Similar tendencies were found for at-risk tissue area albeit restricted to the AA. No significant differences were observed between ARR-HA -and ARR-HA þ .
Interobserver Variability in WSS Patterns Evaluation
Interoperator biases and limits of agreement for aortic WSS patterns assessed on the 40 data sets are provided in Table 4 , indicating good reproducibility.
DISCUSSION
Our main findings are (1) peak WSS and at-risk tissue area decreased after surgery in patients who had AVR alone with a bioprosthesis; (2) WSS patterns were increased distal to the graft after ARR; (3) no significant difference in WSS changes was observed within the ARR group when HA was performed or not; and (4) WSS indices showed high , aortic root replacement and hemiarch repair; MRI, magnetic resonance imaging; f-u, follow-up; VS-ARR, valve-sparing aortic root replacement.
VIDEO 1.
Comparison of blood flow patterns in the proximal aorta provided by 4D flow MRI (three-dimensional time-resolved phase-contrast magnetic resonance imaging with three-directional velocity encoding) before and after surgery (left and right, respectively), in a 71-year-old man with bicuspid aortic valve. The patient underwent aortic valve replacement with a 27-mm Edwards INTUITY bovine pericardial valve for moderate to severe aortic valve stenosis and mild insufficiency. In this case, blood flow was altered with reduced velocities and shear stress at the wall, suggesting blood flow pattern normalization after aortic valve replacement. Video available at: http://www.jtcvsonline.org/article/ S0022-5223(17)32501-1/fulltext. interobserver reproducibility and remained consistent over time in patients without surgery.
Previous studies have described postintervention aortic WSS in patients with aortic valve and/or aorta disease. One such study compared AVR with either a stented or a stentless bioprosthesis, a mechanical valve, or autograft, against healthy controls. 17 The investigators reported a significant increase in peak systolic AA WSS in patients with bioprostheses compared with autografts and controls.
WSS values were higher in our study (mean value over the 4 patients with a stented bioprosthesis, 1.8 AE 0.3 Pa; in the patient with a mechanical valve, 1.4 Pa) than in that study: stented bioprothesis, 1.4 AE 0.7 Pa (n ¼ 14); mechanical valve, $0.8 Pa (n ¼ 9). This finding might be because WSS was calculated in 2D planes orthogonal to the aorta whereas we used a 3D approach throughout the aortic wall, as well as the different follow-up duration after surgery (median value in our bioprosthesis group, 380 days [interquartile range, 321-559 days] vs 3.6 AE 2.6 years; in our mechanical valve patient, 92 days vs 7.9 AE 3.6 years). Later, the same group investigated differences in WSS after transcatheter AVR compared with conventional surgical AVR, with a stented bioprosthesis, and healthy controls. 18 The investigators found that both AVR and transcatheter AVR groups had asymmetric WSS in the mid-AA with locally increased and depressed WSS along the circumference of the aorta, whereas it was uniform around the circumference in controls. We did not look at circumferential variations of WSS in the present study, but differences after surgery should be investigated in larger patient cohorts.
Another study investigated differences in aortic WSS in patients with BAV with different leaflet fusion patterns after VS-ARR, 16 resulting in eccentric WSS patterns with higher WSS on the outer curvature and lower WSS on the inner curvature. Hope et al. reported aortic WSS after VS-ARR in a specific population of patients with Marfan syndrome. 15 These investigators obtained variable changes in WSS depending on the aortic region (AA or DA) and local circumferential location (anterior right wall, inner or outer curvature), between patients and healthy volunteers, as well as in a patient who developed Stanford type B dissection during follow-up, in which WSS patterns were altered.
All these studies compared postsurgical findings with either healthy volunteers or preinterventional findings obtained in different populations. To the best of our knowledge, only 2 studies reported same-patient presurgical and postsurgical WSS values. However, these studies investigated either the brachial 22 or the carotid 21 arteries, both in the setting of atherosclerosis and not aortopathy, and thus, they focused on areas of pathologically low and oscillating WSS. In addition, both of these studies used ultrasonography and a simple assumption of Poiseuille flow (based on single measurements of velocity and diameter) to calculate WSS. 21, 22 Given differences in vascular territories, methodological approaches and populations between these studies and ours, it is not possible to compare besides the finding that surgery altered the expression of WSS in the vessels investigated.
This work is a first effort to report same-patient presurgical and postsurgical WSS patterns in the aorta, pooling different types of interventions (AVR and/or ARR and/or HA). We combined noninvasive 4D flow MRI data with a 3D method to compute WSS, 25 which takes full advantage of the volumetric coverage of velocities at the wall compared with approaches that are limited to 2D planes. 27 This 3D WSS method was previously shown to provide good interobserver and interscan reproducibility in healthy volunteers, 28 which was confirmed by our low interobserver variability obtained in patients including after surgery. The interobserver differences were lower compared with differences observed between before and after surgery, indicating the potential of 4D flow-derived indices to reliably detect regions with altered wall shear forces.
It was previously shown that WSS was a key hemodynamic predictor of aneurysm dilatation. 29 Until recently, aortic WSS could be assessed in vivo using only invasive techniques and was mostly estimated using computational fluid dynamics models. [29] [30] [31] However, such models are limited by their underlying idealized assumptions on blood flow, arterial geometry, and stiffness or boundary 
SD, Standard deviation; WSS, wall shear stress; AA, ascending aorta; DA, descending aorta. *P<.05 between surgery and no-surgery groups separately at baseline and follow-up. conditions, which are mostly not patient specific. In addition to systolic peak WSS magnitude, we studied the extent of at-risk tissue exposed to an abnormally high WSS, as defined by the comparison with an atlas of normal WSS values. This heatmap methodology allows detection of relative changes in WSS 26 and was recently shown to correlate with resected tissue histology in patients with BAV. 19 More precisely, at-risk aortic regions of abnormally increased WSS showed significant reduction in elastin content, decreased elastin fiber thickness, and increased fragmentation, compared with regions with normal WSS in the same patient. At-risk tissue was further associated with significant changes in matrix metalloproteinase and transforming growth factor b 1 concentrations, indicating aortic wall extracellular matrix disruption. Given that the precise involvement of hemodynamics on aortopathy development is still unclear, we believe that the 4D flow MRI technique is a powerful and unique tool to investigate promising imaging biomarkers noninvasively. 7, 15, 17, 19, [24] [25] [26] 32, 33 The different changes observed within the patients undergoing surgery according to the intervention type suggest an opportunity to improve understanding the effects of different procedures and help surgeons decide between AVR and/or ARR with or without HA, as well as what extent of aortic area should be resected. We speculate that the increase in peak WSS and at-risk tissue area distal to the graft after root surgery is caused by the replacement of native elastic tissue by a stiff tube. Our results also suggest that resecting the aortic root versus AVR alone had more impact on WSS than further performing a hemiarch repair, in line with previous findings. 23 The decrease in WSS patterns observed after biological AVR might be caused by significantly longer follow-up in that group compared with the remaining patients undergoing ARR, as suggested by the significant effect of follow-up duration on AA peak WSS change.
The main limitation of this pilot study is the small sample size. Care must be taken regarding statistical power when dividing surgery patients according to the performed intervention or replaced aortic valve. Furthermore, surgery subgroups were heterogeneous in terms of disease, resection extent, graft size, prosthesis type, or morphology of the native aortic valve. For instance, it would be interesting to investigate if WSS pattern changes are different between patients with a native tricuspid, bicuspid, or unicuspid aortic valve after VS-ARR, especially given the potential role of hemodynamics in mediating specifically BAV aortopathy. We lack outcome data and follow-up durations were variable among patients. However, follow-up duration was significantly shorter than controls for surgery patients in whom we detected some changes in WSS patterns.
Future studies including more patients and longer followup at several systematic time points after surgery (1 month, 3 months, and 6 months, then yearly), as well as comparison with patient outcome, are warranted to help identify robust indices able to refine the risk of future events, such as dilatation, rupture, subsequent aortic surgery, or dissection, and to optimize the extent of aortic tissue to be resected. 23 Because our findings suggest an alteration of WSS patterns at the transition from graft to the native aorta, it might be complementary to investigate the effect of the stiff graft on downstream changes in hemodynamics. 34 
CONCLUSIONS
Our study showed the feasibility of 4D flow MRI to quantify presurgical and postsurgical aortic WSS, resulting in different responses depending on the performed intervention. Future efforts are needed to investigate the ability of our WSS indices to predict disease progression and help guide surgical resection as well as patient follow-up.
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APPENDIX E1
Assessment of Left Ventricle and Aortic Valve Function as Well as Aortic Dimensions
Left ventricle (LV) end-systolic and end-diastolic volumes were measured with conventional contouring of ECG-gated cine balanced steady-state free precession (bSSFP) short-axis images covering the LV and including the papillary muscles and chamber trabecula using QMass v7.2 (Medis, Leiden, The Netherlands), to calculate stroke volume and ejection fraction.
Aortic valve morphology and function were determined using cine bSSFP and two-dimensional phase-contrast images obtained at the level of the aortic valve. Bicuspid aortic valve morphology was classified according to Sievers classification. E1 Aortic valve stenosis and regurgitation severity was classified as none, trace, mild, moderate, or severe according to published guidelines.
E2
Aortic diameter measurements were obtained from contrast-enhanced magnetic resonance angiography images at the sinuses of Valsalva (SOV) and midascending aorta (mid-AA) using the open-source, free DICOM (Digital Imaging and Communications in Medicine) medical image viewer Horos (2015, http://www.horosproject.org/; based On OsiriX). SOV diameter was the maximal value among the 3 sinus-to-sinus measurements, including the external walls. Mid-AA diameter was the maximal value over 2 orthogonal measurements in a reformatted plane orthonormal to the aorta, including the external walls.
E3
4D Flow MRI Data Analysis
For each baseline and follow-up 4D flow data set, preprocessing was first applied using a previously described MATLAB program (The Mathworks, Natick, Mass), E4 including eddy current correction, background noise suppression, and velocity aliasing unwrapping. A 3D angiogram (phase-contrast magnetic resonance angiography) was computed by multiplying absolute velocity by magnitude images and averaging over all cardiac phases, E4 to segment the aortic volume (Mimics, Materialize, Leuven, Belgium) and subsequently mask the flow velocities (Figure 1, A) . 
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